List of abbreviations: {#nomen0010}
======================

HCC

:   hepatocellular carcinoma

Nrf2

:   nuclear factor E2-related factor 2

Trx1

:   thioredoxin 1

SNO

:   S-nitrosation

ROS

:   reactive oxygen species

NOS3

:   nitric oxide synthase type 3

GSNOR

:   S-nitrosoglutathione reductase

DEN

:   diethylnitrosamine

BCLC

:   Barcelona Clinic Liver Cancer

c-MET

:   mesenchymal-epithelial transition factor receptor

IGFR

:   insulin growth factor receptor

FGFR

:   fibroblast growth factor receptor

VEGFR

:   vascular endothelial growth factor receptor

PDGFR-β

:   platelet-derived growth factor receptor-β

JNK

:   c-Jun N-terminal

MEK

:   mitogen-activated protein kinase kinase

ERK

:   extracellular signalregulatedkinase

AMPK

:   AMP-activated protein kinase

NF-κB

:   nuclear factor-κB

HIF-1

:   hypoxia inducible factor-1

TrxR

:   thioredoxin reductase

NO

:   nitric oxide

Trx

:   thioredoxin

VEGF

:   vascular endothelial growth factor

DMPO

:   5,5-dimethyl-1-pyrroline-N-oxide

CMH

:   cyclic hydroxylamine 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine

MitoSOX™

:   mitochondrial superoxide indicator

DHE

:   dihydroethidium

H~2~DCFDA

:   2,7-dichloro dihydro-fluorescein diacetate

DAF-2

:   4,5-diaminofluorescein diacetate

SFN

:   sulforaphane

EPR

:   electron paramagnetic resonance

O~2~^•-^

:   superoxide anion

BrdU

:   bromodeoxyuridine

ARE

:   antioxidant response elements

H~2~O~2~

:   hydrogen peroxide

OH^•^

:   hydroxyl radicals

OH

:   hydroxyl anion

GST

:   glutathione-S-transferase

TrxR1

:   thioredoxin reductase type 1

Gpx1

:   glutathione peroxidase type 1

NQO1

:   NADPH-quinone oxidoreductase 1

HO-1

:   heme oxygenase 1

GCLC

:   glutamate-cysteine ligase catalytic subunit

PKA

:   protein kinase type A

PKC

:   protein kinase C

AMPK

:   5′ adenosine monophosphate-activated protein kinase

ERK

:   extracellular signal-regulated kinase

SHP-1

:   SH2 domain-containing tyrosine phosphatase

STAT3

:   signal transducers and activators of transcription type 3

Mcl-1

:   induced myeloid leukemia cell differentiation protein-1

RNS

:   reactive nitrogen species

1. Introduction {#sec1}
===============

Hepatocellular carcinoma (HCC) is the most common type of liver cancer developed in the context of a cirrhotic liver (80--90%). Although major prevalent genetic mutations are related to telomerase (60%), Wnt-β-catenin (54%), PI3K-Akt-mTOR (51%), p53 (49%) and MAPK (43%) signaling, the alteration of redox regulatory mechanisms is also observed in a relevant proportion of patients (12%) \[[@bib1]\]. Only one third of HCC patients are diagnosed at early stage (0 or A), according to the Barcelona Clinic Liver Cancer (BCLC) staging system, being eligible for potential curative therapies such as local ablation, resection or orthotopic liver transplantation with 5-years survival in 50--80% of patients \[[@bib2]\]. Then, high proportion of patients are diagnosed at more advanced stages of the disease (BCLC B--C) \[[@bib3]\]. Sorafenib is the recommended therapy for patients with locally advanced/metastatic disease (BCLC C) stage with mean overall survival around 11 months \[[@bib4],[@bib5]\]. The resistance of HCC cells to Sorafenib has been related to the activation of survival cell signaling related to insulin growth factor receptor (IGFR) \[[@bib6],[@bib7]\], mesenchymal-epithelial transition factor receptor (c-MET) \[[@bib8]\], and fibroblast growth factor receptor (FGFR) \[[@bib7]\].

Sorafenib simultaneously inhibits tyrosine kinase receptors such as vascular endothelial growth factor receptor (VEGFR) 2, VEGFR 3, platelet-derived growth factor receptor-β (PDGFR-β), Flt3 and c-Kit, as well as molecular components of the Raf-mitogen-activated protein kinase kinase (MEK)-extracellular signalregulatedkinase (ERK) signaling pathway \[[@bib9]\]. The early induction by Sorafenib of endoplasmic reticulum stress, upregulation of c-Jun N-terminal (JNK) and AMP-activated protein kinase (AMPK)-dependent signaling was related to the induction of survival autophagic processes \[[@bib10]\]. The induction of apoptosis by Sorafenib was associated with a decrease in S-nitrosation (SNO) of cell death receptors in HepG2 cells \[[@bib11]\].

Cancer cells activate an adaptive program leading to the upregulation of reactive oxygen species (ROS)-scavenging systems, inhibition of apoptosis, and promoting advanced transformation, metastasis and resistance to anticancer drugs \[[@bib12]\]. The adaptive response involves up-regulation of redox-sensitive transcription factors, such as nuclear factor-κB (NF-κB), nuclear factor E2-related factor 2 (Nrf2), c-jun and hypoxia inducible factor (HIF-1), which lead to the increased expression of antioxidant molecules such as SOD, catalase, thioredoxin 1 (Trx1) and the GSH antioxidant system, as well as survival factors such as Bcl-2 and induced myeloid leukemia cell differentiation protein-1 (Mcl-1) \[[@bib13]\]. The thioredoxin (Trx) system, constituted by NADPH, FAD-containing thioredoxin reductase (TrxR) (EC 1.8.1.9) and Trx, plays a key role against oxidative stress regulating protein thiol/disulfide balance, supplying electrons to thiol-dependent peroxidases (peroxiredoxins), ribonucleotide reductase and methionine sulfoxide reductases, as well as regulating the activity of many redox-sensitive transcription factors, and selenium and nitric oxide (NO) metabolism \[[@bib14]\]. The expression of Trx1 has been shown to be increased in HCC and cultured liver cancer cells \[[@bib15],[@bib16]\]. The present study showed that the induction of apoptosis and antiproliferative properties by Sorafenib was related to Trx1 downregulation which played a relevant role in SNO of nitric oxide synthase (NOS) type 3 (NOS3) and CD95 in HepG2 cells. The regulation of SNO might be also influenced by the transient upregulation of GSNOR by Sorafenib in liver cancer cells.

2. Material and Methods {#sec2}
=======================

2.1. Chemical and cell lines {#sec2.1}
----------------------------

Sorafenib Tosylate was obtained from Carbosynth Limited (Berkshire, UK) ([Supplementary Fig. 1](#appsec1){ref-type="sec"}). Xanthine oxidase (X2252), xanthine (X0626), 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and cyclic hydroxylamine 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine (CMH) were obtained from Sigma-Aldrich (Missouri, USA). Red Mitochondrial Superoxide Indicator (MitoSOX™) (M36008), dihydroethidium (DHE) (D-11347), 2,7-dichloro dihydro-fluorescein diacetat (H~2~DCFDA) (D-399) and 4,5-diaminofluorescein diacetate (DAF-2) (D-23842) were obtained from Life Technologies (Thermo Fisher Scientific, Massachusetts, USA). Sulforaphane (SFN, Sigma-Aldrich) and vascular endothelial growth factor (VEGF, PrepoTech, New Jersey, USA) were used as inducers of Nrf2 activation.

HepG2 (HB-8065™) was obtained from ATCC/LGC Standards (Barcelona, Spain). JHH2, JHH-4, JHH-5 and Huh-1 were obtained from the Japanese Collection of Research Bioresources Cell Bank **(**Tokyo, Japan**).** SNU886 was obtained from the Korean Cell Lines Bank **(**Seoul, Korea). MHCC97H was obtained from Woodland Pharmaceuticals (Massachusetts, USA).

2.2. Measurement of reactive oxygen and nitrogen species {#sec2.2}
--------------------------------------------------------

Cells were incubated with DHE (10 μM), MitoSOX™ (5 μM), H~2~DCFDA (10 μM) and DAF-2 (2.5 μM) for 30 min in culture medium for measuring superoxide anion (O~2~^•-^) in cytoplasm and mitochondria, hydrogen peroxide (H~2~O~2~) and NO, respectively. The production of NO was also measured by quantification of nitrite/nitrate in culture medium using the Griess reaction \[[@bib17]\].

2.3. Evaluation of the scavenging properties of Sorafenib {#sec2.3}
---------------------------------------------------------

The scavenging properties of Sorafenib were evaluated by electron paramagnetic resonance (EPR) using the spin probe CMH (100 μM) and spin trap DMPO (100 mM) to monitor O~2~^•-^ formation. The xanthine (50 μM) and xanthine oxidase (5 mU/mL) system was used to generate ROS for 30 min. The formation of the radicals was monitored using bench-top EMXnano spectrometer (Bruker, Massachusetts, USA). Deferoxamine (25 μM) was added when required in order to prevent Fenton reaction.

2.4. mRNA and protein expression {#sec2.4}
--------------------------------

RT-PCR was performed in StepOnePlus RT-PCR System (Thermo Fisher Scientific, Waltham, USA). Reactions were performed in 96-well plates with optical sealing tape (Applied Biosystem, Foster City, California, USA) in 10 μL total volume containing SYBR Green MasterMix and corresponding cDNA (obtained with High capacity cDNA Reverse Transcription Kit, Applied Biosystems). The conditions for amplification were as follows: denaturation step of 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, and 60 °C for 60 s. The melting temperature was fixed at 60 °C. All primers were designed using online Primer3 software.

Proteins were separated by Any kD™ Criterion™ TGX Stain-Free™ Protein Gel (BioRad) and transferred to PVDF membranes. The membranes were incubated with the corresponding commercial primary antibodies against Trx1 (Cat ATRX-04, IMCO Corporation Ltd, Stockholm, Sweden), NOS3 (sc-654), CD95 (sc-715) and caspase-8 (sc-7890) from Santa Cruz Biotechnology (Texas, USA); Nrf2 (\#12721), Keap1 (\#8047) obtained from Cell Signaling Technology ([Massachusetts](http://Massachusetts){#intref0010}, USA).

The procedure for measuring SNO--NOS3 and SNO-CD95 was performed using biotin switch assay as previously described \[[@bib18]\]. The obtained SNO-biotinylated fractions were incubated with 45 μL Neutravidin Plus UltralinK resin (Pierce, Appleton, Wisconsin, USA) for 1 h in agitation, washed and assessed by Western Blot analysis.

2.5. GSNOR and Trx1 activities {#sec2.5}
------------------------------

S-nitrosoglutathione reductase (GSNOR) and Trx1 activities were measured as previously described \[[@bib19],[@bib20]\].

2.6. Cell death and proliferation {#sec2.6}
---------------------------------

Caspase-8 and -3-associated activities were determined using Caspase-Glo® 8 (G8201) and Caspase-Glo® 3 (G8091) Assay Systems (Promega, Madison, USA). Bromodeoxyuridine (BrdU) incorporation was used as marker of cell proliferation (Roche Diagnostics, Indianapolis, USA) in cultured HepG2 cells. Cell proliferation was also assessed in tumor sections by the measurement of Ki67 expression by immunohistochemistry procedure using antibodies against Ki67 (sc-23900, Santa Cruz Biotechnology).

2.7. Nrf2 signaling using a reporter gene vector {#sec2.7}
------------------------------------------------

HepG2 cells were transiently transfected with Antioxidant Response Elements (ARE)-luciferase plasmid (Dr J. Alam, Department of Molecular Genetics, Ochsner Clinic Foundation, USA). Cells were lysed and assayed for luciferase activity by Dual-Luciferase® Reporter (DLR™) Assay System (Promega). pTK-Renilla was used as an internal control vector (Promega).

2.8. Trx1 knock-down and overexpression {#sec2.8}
---------------------------------------

Human Trx1 was down-regulated in HepG2 cells using siRNA (ref L-006340, Dharmacon, GE Healthcare Life Sciences). Trx1 overexpressing plasmid was obtained after amplification of human Trx1 by PCR from a cDNA library from human testis (Clonteck, Human Testis QUICK-CloneTM cDNA), and cloned into the pcDNA MYC plasmid at the EcoR1 and XhoI sites.

2.9. Experimental models of liver cancer {#sec2.9}
----------------------------------------

Diethylnitrosamine (DEN, Sigma-Chemicals) (10 mg/kg day) was administered in drinking water (0.01% vol/vol) to Wistar rats (4 groups of 8 animals, n = 32; weighing 170-200 gr) for 15 weeks. Sorafenib (10 mg/kg day) was administered in edible hydrogel formulation 12 weeks after the initiation of DEN treatment and lasted until sacrifice of the animals at week 15th. The effect of Sorafenib was also evaluated in tumors-derived from subcutaneously implanted 10x10^6^ HepG2 cells, or HepG2 cells stably transfected with Trx1 overexpressing or empty pcDNA MYC (mock) vectors in Hsd:Athymic Nude-Foxn1^nu^ mice (Harlan Laboratories, Barcelona, Spain). When the tumors reached 5 mm, one group of animals received orally by gavage either Sorafenib (200 mg/kg) or solvent. The animals of each experimental group were sacrificed when tumor of animals from any experimental group reached 15 mm. All animal care and experimentation conformed to the Guide for the Care and Use of Laboratory Animals published by the National Academy of Sciences.

2.10. Statistical analysis {#sec2.10}
--------------------------

All results are expressed as mean ± SEM of independent experiments (n = 3--8). Data were compared using the analysis of variance (ANOVA) with the Least Significant Difference\'s test (homogeneity of variances) or Games-Howell (non-homogeneity of variances). If Shapiro-Wilks\'s test showed non-normal distribution of data non-parametric Kruskal-Wallis coupled to U-Man-Whitney post-hoc analysis with Finner\'s correction was done. All statistical analyses were performed using the IBM SPSS Statistics 19.0.0 (SPSS Inc., IBM, Armonk, NY, USA) software.

3. Results {#sec3}
==========

3.1. Sorafenib induced mitochondrial O~2~^•-^ generation, but diminished cytoplasmic H~2~O~2~, O~2~^.-^ and NO in HepG2 {#sec3.1}
-----------------------------------------------------------------------------------------------------------------------

Coriat et al. \[[@bib21]\] showed that Sorafenib increased intracellular generation of O~2~^•-^, H~2~O~2~ and NO in HepG2. O~2~^•^ was greatly and dose-dependently generated by Sorafenib at mitochondrial level ([Fig. 1](#fig1){ref-type="fig"}A) but was scarcely detected at cytoplasmic level ([Fig. 1](#fig1){ref-type="fig"}B). Sorafenib tended to decrease the intracellular concentration of H~2~O~2~ ([Fig. 1](#fig1){ref-type="fig"}C) and NO (1 h, [Fig. 1](#fig1){ref-type="fig"}D) in HepG2 cells. The scavenging properties of Sorafenib were assessed by EPR. The nitrone spin trap DMPO in presence of xanthine/xanthine oxidase generating system promotes specific spin-adduct (DMPO-OOH) that rapidly decomposes to DMPO-OH. O~2~^•^ induces decomposition of H~2~O~2~ to hydroxyl radical (OH^•^) and hydroxyl anion (OH^−^) through the coupled Fenton and Haber-Weiss reaction in the presence of transition metal traces. This process explained the inverse relationship among O~2~^•-^ and OH^•^ generation in absence of drug over time ([Fig. 1](#fig1){ref-type="fig"}E). Sorafenib significantly lessened or abolished O~2~^•-^ generation depending on the dose used (10 μM and 100 μM), respectively ([Fig. 1](#fig1){ref-type="fig"}E). The spin probe CMH is oxidized by O~2~^•-^ to the corresponding EPR active and stable nitroxide with coupled H~2~O~2~ generation. In this case, Sorafenib (100 μM but not 10 μM) reduced O~2~^•-^ production by xanthine/xanthine oxidase system for 30 min ([Fig. 1](#fig1){ref-type="fig"}F). The differences found in the DMPO and CMH experiments were probably due to their different kinetics, being the last one more reactive than DMPO against ROS and consequently higher competitor than Sorafenib. These results suggest that O~2~^•-^ generation by Sorafenib (10 μM) in the mitochondria is scavenged in a dose-dependent manner by the drug at the cytoplasmic level.Fig. 1**Effect of Sorafenib on free radical generation.** The effect of Sorafenib on the mitochondrial (A) and cytoplasmic (B) O~2~^•-^, and cytoplasmic H~2~O~2~ (C) and NO (D) production in cultured HepG2, as well as *in vitro* scavenging properties of Sorafenib measured by spin trap (E) and spin probe (F) using a xanthine/xanthine oxidase system are shown. Mitochondrial and/or cytoplasmic ROS and reactive nitrogen species (RNS) were *in situ* determined using different fluorescent probes described in Material and Methods. The nitrone spin trap DMPO in presence of O~2~^•-^ generating system promotes specific spin-adduct (DMPO-OOH) that rapidly decompose to DMPO-OH. O~2~^•^ induces decomposition of H~2~O~2~ to hydroxil radical (O^•^) and hydroxyl anion (OH-) through the coupled Fenton and Haber-Weiss reaction in the presence of transition metal traces. This process explained the inversed relationship of detected O~2~^•-^ and OH^•^ in the absence of drug over time (E). The spin probe CMH is oxidized by O~2~^•-^ to the corresponding EPR active and stable nitroxides with coupled H~2~O~2~ generation (F). Data are expressed as mean ± SEM of 6--8 independent experiments. The groups with different letters (a, b, c, d, e or f) were significantly different (p ≤ 0.05).Fig. 1

3.2. Sorafenib downregulated Nrf2 signalling and Trx1 expression {#sec3.2}
----------------------------------------------------------------

Sorafenib reduced the expression of Nrf2 ([Fig. 2](#fig2){ref-type="fig"}A) and Keap1 ([Fig. 2](#fig2){ref-type="fig"}B) in nuclear fractions from HepG2 cells. The transcriptional factor Nrf2 positively regulates the expression of enzymes involved in phase I to III detoxification systems, GSH- and Trx-related antioxidant systems, carbohydrate and lipid metabolism, and heme and iron metabolism \[[@bib22]\]. Sorafenib decreased Nrf2-transactivation activity in HepG2 cells transfected with ARE/Luc overexpressing vector ([Fig. 2](#fig2){ref-type="fig"}C). In agreement, the expression ([Fig. 2](#fig2){ref-type="fig"}D) and activity ([Fig. 2](#fig2){ref-type="fig"}E) of Trx1 were reduced in Sorafenib-treated HepG2 cells. Sorafenib also decreased mRNA expression of glutathione-S-transferase (GST), thioredoxin reductase type 1 (TrxR1), glutathione peroxidase type 1 (Gpx1), NADPH-quinone oxidoreductase 1 (NQO1), heme oxygenase 1 (HO-1) and glutamate-cysteine ligase catalytic subunit (GCLC) in HepG2 cells ([Supplementary Figs. 2A--2F](#appsec1){ref-type="sec"}).Fig. 2**Altered Nrf2-signaling pathway by Sorafenib in HepG2 cells.** The reduction of Nrf2 (A) and Keap1 (B) expressions and Nrf2-transactivation activity (C) were associated with downregulation of Trx1 expression (D) and activity (E) in HepG2. Sorafenib (10 μM), VEGF (50 ng/ml) and SFN (10 μM) were administered 24 h after cell stabilization. The expression of Nrf2 and Keap1 in nuclear fraction, and Trx1 in cell lysate was measured by western-blot analysis as described in Material and Methods. Nrf2-transactivation activity was assessed using ARE-luc transfected HepG2 cells. pTK-Renilla was used as internal control vector. Trx1 activity was measured as detailed in Material and Methods. Data are expressed as mean ± SEM of 4 independent experiments. The groups with different letters (a, b, c, d or e) were significantly different (p ≤ 0.05).Fig. 2

3.3. Sorafenib transiently upregulated GSNOR and reduced NOS3 activity. Role of Trx1 {#sec3.3}
------------------------------------------------------------------------------------

Thiol nitrosation (SNO) is a posttranslational modification that plays a critical role in health and disease \[[@bib23]\]. GSNOR has been described as a highly conserved metabolizing enzyme involved in SNO homeostasis \[[@bib24]\]. Intracellular GSNO exists in equilibrium with S-nitrosoproteins which are not substrates of GSNOR \[[@bib24]\]. mRNA expression ([Fig. 3](#fig3){ref-type="fig"}A) and activity ([Fig. 3](#fig3){ref-type="fig"}B) of GSNOR were transiently increased after 6 h of Sorafenib treatment in HepG2 cells. NOS3 interacts with a variety of regulatory and structural proteins modulating its activity and traffic between plasma membrane, caveolae and intracellular membrane structures whose activity is tightly regulated by SNO \[[@bib25]\]. Trx1 overexpression diminished SNO--NOS3 ([Fig. 3](#fig3){ref-type="fig"}C) and increased NO production ([Fig. 3](#fig3){ref-type="fig"}D) in both, control and Sorafenib-treated HepG2 cells. Sorafenib appeared to reduce NOS3 expression ([Fig. 3](#fig3){ref-type="fig"}C) and NO generation ([Fig. 3](#fig3){ref-type="fig"}D) in control and Sorafenib-treated HepG2 cells.Fig. 3**Sorafenib transitory increased GSNOR expression and activity in HepG2. Trx1 overexpression reduced SNO--NOS3/NOS3 ratio and NO generation in HepG2 cells.** Effect of Sorafenib in the mRNA expression (A) and activity (B) of GSNOR, as well as Trx1 overexpression on SNO--NOS3 (C), and NO *in situ* generation and NO-end products concentration in culture medium (D). Sorafenib (10 μM) was administered 24 h after cell stabilization. The SNO--NOS3 was determined by biotin-switch assay coupled to western-blot analysis as described in Material and Methods. NO generation was determined by the *in-situ* reaction with DAF-2, as well as nitrites + nitrates concentration in culture medium was determined by the Griess reagent as described in Material and Methods. Results are expressed as mean ± SEM of 4 independent experiments. The groups with different letters (a, b, c, d, e or f) were significantly different (p ≤ 0.05).Fig. 3

3.4. Sorafenib reduced SNO-CD95, caspase-8 activity and cell proliferation, and increased caspase-3 activity. Trx1 overexpression prevented the beneficial effect of Sorafenib in HepG2 cells {#sec3.4}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The induction of cell death by Sorafenib was related to a decrease in SNO-CD95 and a shift from caspase-8 to caspase-3 in HepG2 cells \[[@bib11]\]. Sorafenib reduced SNO-CD95/CD95 ratio in control and Trx1-overexpressing HepG2 cells ([Fig. 4](#fig4){ref-type="fig"}A). Trx1 overexpression increased SNO-CD95 in control and Sorafenib-treated cells ([Fig. 4](#fig4){ref-type="fig"}A).Fig. 4**Sorafenib reduced, but Trx1** had the opposite effect**, SNO-CD95/CD95 ratio, caspase-8 activity, and cell proliferation, while increased caspase-3 activity in HepG2.** Effect of Trx1 overexpression or siRNA Trx1 on SNO-CD95/CD95 ratio (A), caspase-8 activity (B), caspase-3 activity (C) and cell proliferation (D) in control and Sorafenib (10 μM)-treated hepG2 cells. Cell transfection using Trx1 overexpressing plasmid or siRNA Trx1, and Sorafenib administration were done as described in Material and Methods. The SNO-CD95 was determined by biotin-switch assay coupled to western-blot analysis, as well as caspase-8 and -3 activities and BrdU incorporation were measured at 24 h after Sorafenib administration as described in Material and Methods. Results are expressed as mean ± SEM of 4 independent experiments. The groups with different letters (a, b, c or d) were significantly different (p ≤ 0.05).Fig. 4

The increase in SNO-CD95 was directly related to caspase-8 activity ([Fig. 4](#fig4){ref-type="fig"}B) and cell proliferation ([Fig. 4](#fig4){ref-type="fig"}D), but inversely with caspase-3 activity ([Fig. 4](#fig4){ref-type="fig"}C). The overexpression of Trx1 increased caspase-8 activity ([Fig. 4](#fig4){ref-type="fig"}B) and cell proliferation ([Fig. 4](#fig4){ref-type="fig"}D) but decreased caspase-3 activity ([Fig. 4](#fig4){ref-type="fig"}C) in control and Sorafenib-treated cells. We addressed the question whether Trx1 downregulation by Sorafenib played a role during the induction of apoptosis and/or reduction of cell proliferation in HepG2 cells. The silencing of Trx1 by the siRNA strategy downregulated caspase-8 activity ([Fig. 4](#fig4){ref-type="fig"}B), but had no effect on caspase-3 activity ([Fig. 4](#fig4){ref-type="fig"}C) and cell proliferation ([Fig. 4](#fig4){ref-type="fig"}D) in control cells. The downregulation of Trx1 did not change these parameters in Sorafenib-treated HepG2 cells ([Fig. 4](#fig4){ref-type="fig"}B--D).

3.5. Role of Nrf2 in the proapoptotic properties of Sorafenib {#sec3.5}
-------------------------------------------------------------

The expression of Nrf2 and TrxR-Trx1 sytem has been related to resistance of cancer cells to chemotherapy \[[@bib26], [@bib27], [@bib28]\]. The oxidative stress pathway is altered in a high number of HCC (12%) mainly related to KEAP1 mutations \[[@bib1]\]. We tested whether HCC cells harboring inhibitory Keap1 mutations (JHH5, MHCC97H and Huh-1) altered the regulation of Trx1 expression, apoptosis and cell proliferation by Sorafenib in comparison with wild type Keap1 cancer cells (JHH2, JHH4 and SNU886). Sorafenib downregulated Nrf2 expression in Keap1 wild type HCC cell lines (JHH-2, JHH-4 and SNU886) ([Supplementary Fig. 3A](#appsec1){ref-type="sec"}). Sorafenib downregulated the expression of Trx1 in all analyzed HCC cell lines ([Supplementary Fig. 3B](#appsec1){ref-type="sec"}) that was related to increased caspase-3 ([Supplementary Fig. 3C](#appsec1){ref-type="sec"}) and reduced cell proliferation ([Supplementary Fig. 3D](#appsec1){ref-type="sec"}). Basal protein expression levels of Nrf2 appeared to be lower in Keap1-mutated cells than in cells with wild type Keap1 ([Supplementary Fig. 3A](#appsec1){ref-type="sec"}) that were related to increased Sorafenib-dependent caspase-3 activation ([Supplementary Fig. 3C](#appsec1){ref-type="sec"}).

3.6. The reduction of tumor growth by Sorafenib was related to decrease in Trx1 and SNO-CD95 expression, and caspase-8 activity in different experimental models of hepatocarcinogenesis {#sec3.6}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Sorafenib (200 mg/kg) reduced the number of tumor nodules ([Fig. 5](#fig5){ref-type="fig"}A), which was associated with a reduction of Trx1 expression ([Fig. 5](#fig5){ref-type="fig"}B), SNO-CD95 ([Supplementary Fig. 4A](#appsec1){ref-type="sec"}) and caspase-8 activity ([Fig. 5](#fig5){ref-type="fig"}C) in animals treated with DEN for 17 weeks. The administration of Sorafenib (200 mg/kg) reduced tumor volume by 50% at 24 days after subcutaneous implantation of HepG2 cells ([Fig. 5](#fig5){ref-type="fig"}D). This effect was parallel to a decrease in the expression of Trx1 ([Fig. 5](#fig5){ref-type="fig"}E), SNO-CD95 ([Supplementary Fig. 4B](#appsec1){ref-type="sec"}), and caspase-8 activity ([Fig. 5](#fig5){ref-type="fig"}F).Fig. 5**The antitumoral properties of Sorafenib were associated with downregulation of Trx1 expression and caspase-8 activity in two xenograft mouse models.** Effect of Sorafenib on the number of tumors induced by DEN (A) and tumor volume derived from subcutaneous HepG2 implantation (D), and their association with Trx1 expression (B and E, respectively) and caspase-8 activity (C and F, respectively). The administration of DEN (10 mg/kg day) was carried out during 17 weeks in Wistar rats (170 gr) in drinking water (0.01% vol/vol) or solvent. Sorafenib (10 mg/kg day) was administered 12 weeks after the initiation of DEN treatment DEN administration when liver nodules were evident (A, B and C). HepG2 cells (10 × 10^6^) were subcutaneously implanted in male Hsd:Athymic Nude-Foxn1^nu^ mice. When the tumors reached 5 mm, one group of animals received orally by gavage either Sorafenib (200 mg/kg) or solvent (D, E and F). Trx1 expression and caspase-8 activity were measured as described in Material and Methods. Animals were sacrificed when tumors reached 15 mm. Results are expressed as mean ± SEM of six independent animals. The groups with different letters (a, b, c or d) were significantly different (p ≤ 0.05).Fig. 5

Trx1 overexpression increased tumor growth ([Fig. 6](#fig6){ref-type="fig"}A) and ki67 expression ([Fig. 6](#fig6){ref-type="fig"}B) in control and Sorafenib-treated animals. Sorafenib slowed tumor growth up to day 26th after implantation of Trx1 overexpressing HepG2 cells, while a strong relapse of tumor growth occurred from this time to the day of sacrifice ([Fig. 6](#fig6){ref-type="fig"}A). Sorafenib administration reduced Trx1 expression ([Fig. 6](#fig6){ref-type="fig"}C) and caspase-8 activity ([Fig. 6](#fig6){ref-type="fig"}D) in tumors derived from Trx1 overexpressing transfected HepG2 cells.Fig. 6**The reduction of tumor volume by Sorafenib was associated with downregulation of cell proliferation, Trx1 expression and caspase-8 activity in Trx1 overexpressing HepG2 cells subcutaneously implanted in nude mice.** Effect of Sorafenib in tumor volume (A), Ki67 (B) and Trx1 (C) expressions, and caspase-8 activity in tumors derived from subcutaneous implantation of HepG2 cells stably transfected with either Trx1 overexpressing or empty pcDNA Myc (mock) vectors in nude mice. HepG2 cells (10 × 10^6^) were subcutaneously implanted in male Hsd:Athymic Nude-Foxn1^nu^ mice. When the tumors reached 5 mm, one group of animals received orally by gavage either Sorafenib (200 mg/kg) or solvent. Ki67 and Trx1 expressions, and caspase-8 activity were measured as described in Material and Methods. Animals were sacrificed when tumors reached 15 mm. Results are expressed as mean ± SEM of six independent animals. The groups with different letters (a, b, c, d or e) were significantly different (p ≤ 0.05).Fig. 6

4. Discussion {#sec4}
=============

Sorafenib has demonstrated a moderate but significant increase in median overall survival in patients with HCC and good liver function \[[@bib29],[@bib30]\]. However, a proportion of patients (2%) are resistant to treatment \[[@bib31]\] which has been related to the activation of cell survival IGFR \[[@bib6],[@bib7]\], c-MET \[[@bib8]\], and FGFR \[[@bib7]\] signalings. The alteration of redox regulatory mechanisms mainly leading to Nrf2 activation by Keap1 mutation is observed in 12% of patients with HCC \[[@bib1]\]. The induction of cell death by Sorafenib has been associated with the generation of oxidative stress in HepG2 cells \[[@bib21]\]. In concordance with Rahmani et al. \[[@bib32]\], Sorafenib induced O~2~^•-^ generation in mitochondria and cytoplasm fractions, but we observed that the magnitude of this increase was much higher in the mitochondria than in the cytoplasm, which was accompanied with a decrease in cytoplasmic H~2~O~2~ and NO ([Fig. 1](#fig1){ref-type="fig"}A--D). The results are compatible with the active antioxidant properties of Sorafenib in cytoplasm. In fact, Sorafenib exerted dose-dependent ROS scavenging action *in vitro* ([Fig. 1](#fig1){ref-type="fig"}E and F). It is interesting to note that the clinical effectiveness of the drug has also been related to the lessening of oxidative stress in peripheral blood monocytic cells obtained from Sorafenib-responder HCC patients \[[@bib33]\]. Sorafenib includes a trifluoromethylated or CF~3~^−^ anion in its molecule that involves an increased antitumoral potency \[[@bib34]\] ([Supplementary Fig. 1](#appsec1){ref-type="sec"}). This CF~3~^−^ group might be involved in the radical scavenger properties of Sorafenib through a nucleophilic mechanism based on the donation of one electron to the free radical (O~2~^•-^ or OH^•^) \[[@bib35]\].

Transcription factor Nrf2 is the master regulator of antioxidant response through ARE-dependent transcriptional activation of several genes involved in phase I to III detoxification systems, antioxidants, and transporters that protect cells from toxic and carcinogenic compounds \[[@bib36]\]. The transactivation activity of Nrf2 is regulated by Keap1, which sequesters Nrf2 in the cytoplasm \[[@bib37]\]. The generation of oxidative stress or pharmacological induction promotes oxidation of critical cysteines C273 and C288 of Keap1 that leads to Nrf2 escaping from Keap1 retention and allowing its translocation into the nucleus where it heterodimerizes with small Maf proteins and transactivates ARE driven gene expression \[[@bib38]\]. The administration of Sorafenib reduced the nuclear translocation of Nrf2 in wild type Keap 1 cells such as HepG2 ([Fig. 2](#fig2){ref-type="fig"}) and JHH-2, JHH-4 and SNU886 ([Supplementary Fig. 3](#appsec1){ref-type="sec"}). Nrf2 downregulation in nuclear fraction induced by Sorafenib was associated with reduced ARE-dependent Nrf2 transactivation capacity ([Fig. 2](#fig2){ref-type="fig"}C), Trx1 expression ([Fig. 2](#fig2){ref-type="fig"}D) and Trx1 activity ([Fig. 2](#fig2){ref-type="fig"}E), as well as the mRNA expression of GST, TrxR1, Gpx1, NQO1, HO-1 and GCLC in control and VEGF-stimulated HepG2 cells ([Supplementary Fig. 2](#appsec1){ref-type="sec"}).

Redox modifications of protein cysteine thiols, and SNO in particular, is a posttranslational regulatory mechanism that plays an important role in the modulation of cellular processes by ROS and RNS with effects in health and disease \[[@bib23]\]. Interestingly, mRNA expression and activity ([Fig. 3](#fig3){ref-type="fig"}A and B) of GSNOR were transiently increased in Sorafenib-treated HepG2 cells. The expression of NOS and NO generation within different cell types present in the tumor microenvironment, such as tumor, endothelial and inflammatory cells, as well as fibroblasts, regulate tumor growth, migration, invasion, survival, angiogenesis, and metastasis in cancer \[[@bib39]\]. The expression of NOS2 has been related to poor prognosis in HCC \[[@bib40]\].

NOS3 activity is tightly modulated by its phosphorylation state under control of protein kinase type A (PKA) and C (PKC), Akt, 5′ adenosine monophosphate-activated protein kinase (AMPK), Ca^2+^/calmodulin-dependent kinase II, etc \[[@bib41]\]. However, exposure of intact endothelial cells, plasma membranes, or purified NOS to NO also reduces NOS catalytic activity \[[@bib25]\] by inducing a change from dimeric (active) to monomeric (inactive) form \[[@bib42]\]. NO donors induce SNO--NOS3 in multiple cysteines, such as those located at the positions 93 and 98 residues that are involved in its dimerization through the zinc tetrathiolate center \[[@bib43]\]. Trx1 has two cysteines at its active site, Cys^32^-Gly-Pro-Cys^35^, that can catalytically reduce specific protein disulfide bonds and other oxidative cysteine modifications, and can serve as a denitrosylase towards specific SNO-proteins \[[@bib44]\] (Fig. 7, Graphical Abstract). In addition, three structural Cys residues at positions 62, 69, and 73 are also present in Trx1. Cys^73^ displays transnitrosylating activity when the active site Cys^32^/Cys^35^ is in the oxidized disulfide form and the reductase activity is blocked. The inhibition of caspase-3 activity by SNO has been shown to be mediated by Trx1 \[[@bib44]\]. Sorafenib reduced NO generation probably though NOS3 downregulation moreover than altering SNO--NOS3 in control cells ([Fig. 3](#fig3){ref-type="fig"}D and C, respectively). Trx1 overexpression reduced SNO--NOS3 and increased NO generation ([Fig. 3](#fig3){ref-type="fig"}C and D, respectively).

Trx1 plays a key role against oxidative stress by regulating protein thiol/disulfide balance, supplying electrons to thiol-dependent peroxidases (peroxiredoxins), ribonucleotide reductase, methionine sulfoxide reductases, and regulating the activity of many redox-sensitive transcription factors, selenium and nitric oxide metabolism \[[@bib14]\]. TrxR1, glutathione reductase and Nrf2-driven antioxidant systems attenuate potentially carcinogenic oxidative damage but also protect cancer cells from oxidative death. The expression of Nrf2 and TrxR-Trx1 system has been related to resistance of cancer cells to chemotherapy \[[@bib26], [@bib27], [@bib28]\]. McLouglin et al. \[[@bib45]\] showed that the frequency of DEN-induced cancer initiation decreased in TrxR1-null livers. Stable transfection of murine NIH 3T3 fibroblast-like cells and human MCF-7 breast cancer cells with cDNA encoding for human wild-type Trx increased cell proliferation, whereas redox-inactive mutant Trx acted in a dominant negative manner \[[@bib46]\].

The induction of NO-related posttranslational modifications in components of cell death pathways promotes different outcomes in terms of cell death or survival \[[@bib39]\]. In particular, the prevention of SNO-CD95 by mutation of Cys199 or Cys304 residues avoids its recruitment and activation, respectively \[[@bib47]\]. Sorafenib reduced SNO-CD95 ([Fig. 4](#fig4){ref-type="fig"}A), caspase-8 ([Fig. 4](#fig4){ref-type="fig"}B), and cell proliferation ([Fig. 4](#fig4){ref-type="fig"}D) while increased caspase-3 ([Fig. 4](#fig4){ref-type="fig"}C). Although CD95 is a prototypical trigger of the extrinsic apoptotic pathway, it has also been shown to be required for optimal cell proliferation, motility and invasion in tumor cells \[[@bib48]\].

The overexpression of Trx1 increased caspase-8 activity and cell proliferation, but decreased caspase-3 in control and Sorafenib-treated HepG2 cells ([Fig. 4](#fig4){ref-type="fig"}). The downregulation of Trx1 by siRNA strategy diminished caspase-8 activity ([Fig. 4](#fig4){ref-type="fig"}A), but had no effect on caspase-3 activity ([Fig. 4](#fig4){ref-type="fig"}C) and cell proliferation ([Fig. 4](#fig4){ref-type="fig"}D) in control cells. These results suggest that CD95-dependent caspase-8 activity might be the primary target of Trx1 downregulation. Silencing of Trx1 did not change these parameters in Sorafenib-treated HepG2 cells ([Fig. 4](#fig4){ref-type="fig"}B--D) that might suggest a critical role of Trx1 downregulation in the reduction of caspase-8 activity by Sorafenib in HepG2 cells ([Fig. 4](#fig4){ref-type="fig"}B). The inverse relationship between caspase-8 and caspase-3 during Sorafenib treatment has been previously shown in HepG2 cells \[[@bib11]\].

Several tumorigenic signals such as NF-*k*B, ERK, and caspase-8 are downstream effectors of CD95 \[[@bib49]\]. This protumorigenic phenotype has been related to tyrosine phosphorylation of caspase-8 by src-family kinases \[[@bib50]\], as well as by oxidative stress-dependent YES activation of EGFR and CD95 tyrosine phosphorylation \[[@bib51]\]. In addition, Chen et al. \[[@bib52]\] showed that Sorafenib enhances TRAIL-induced cell death through SH2 domain-containing tyrosine phosphatase (SHP-1) dependent decrease in the phosphorylation of signal transducers and activators of transcription type 3 (STAT3) and downstream-regulated proteins such as Mcl-1, survivin, and cyclin D1 in hepatoma cells. STAT3 is a pro-survival transcription factor which is constitutively activated in human cancer cell lines. Tyrosine phosphorylation of STAT3 is dependent on the thiol redox state modulated by H~2~O~2~ and peroxiredoxin-2 levels and the Trx system activity \[[@bib53]\]. We have recently shown that the treatment with Sorafenib induced thiol redox reductive changes in STAT3, and Trx1 downregulation counteracted this effect of the drug in HCC cell lines \[[@bib16]\]. We are deeply investigating CD95-related downstream events leading to regulation by Sorafenib of cell proliferation in liver cancer cells.

The reduction of Trx1 expression and activity appears to be essential in the antitumoral action of Sorafenib. Two independent experimental models of HCC showed that the antitumoral properties of Sorafenib were related to a decrease in Trx1 expression, SNO-CD95 and caspase-8 activity ([Fig. 5](#fig5){ref-type="fig"} and [Supplementary Fig. 4](#appsec1){ref-type="sec"}). The *in vivo* experiment involving subcutaneous implantation of Trx1 overexpressing HepG2 cells further supports the relevant role of Trx1 in tumor growth. Sorafenib reduced tumor growth, Ki67 and Trx1 expressions and caspase-8 activity in tumors derived from Trx1-overexpressing HepG2 cells in nude mice ([Fig. 6](#fig6){ref-type="fig"}).

In conclusion, the antioxidant properties of Sorafenib might positively influence the downregulation of Nrf2-dependent Trx1 expression which plays a relevant role in the deactivation of NOS3 and CD95 through SNO. CD95 deactivation could also be achieved by transient upregulation of GSNOR and downregulation of CD95 by Sorafenib in HepG2 cells. Decreased expression of SNO-CD95 by Sorafenib involved reduction of caspase-8 activity and cell proliferation, and increased downstream caspase-3 activity in liver cancer cells (Fig. 7, Graphical Abstract). The mechanism supports the inverse relationship between caspase-8 and caspase-3 during Sorafenib treatment in HepG2 cells \[[@bib11]\]. The relevance of Trx1, SNO-CD95 and caspase-8 downregulation in the antitumoral properties of Sorafenib was demonstrated in three independent experimental models of hepatocarcinogenesis.
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